Abstract Aims/hypothesis: Hyperglycaemia-induced oxidative stress is implicated in the pathogenesis of chronic diabetic complications. Glucose-mediated oxidation of LDL may result in increased oxidative stress and vascular endothelial cell dysfunction via interaction with a cell surface scavenger receptor, CD36. In this study, we investigated the role of CD36 in cultured microvascular endothelial cells (MVECs) and in the heart by using an animal model of chronic diabetes. Methods: Cultured MVECs were subjected to varying glucose concentrations and assayed for alteration in CD36 gene expression and protein levels. To assess for oxidised LDL (ox-LDL) uptake, MVECs exposed to low and high glucose were treated with ox-LDL (80 μg/ml), a ligand for CD36. Haem oxygenase-1 (HO-1) and endothelin-1 (ET-1) induction, as well as oxidative stress were determined. The role of glucose-induced CD36 alteration in ox-LDL uptake was also assayed following post-transcriptional CD36 gene silencing. For in vivo studies, CD36 mRNA and oxidative DNA and protein damage were measured in heart tissues of 1-month-old diabetic Sprague-Dawley rats. Results: We found that glucose increased CD36 mRNA and protein levels in MVECs. High levels of glucose also augmented ox-LDL uptake, in association with increasing HO-1 and ET-1 mRNA levels. CD36 gene silencing prevented glucose-induced CD36 alteration, reduced ox-LDL uptake, and prevented HO-1 and ET-1 up-regulation. Similar to in vitro studies, diabetic heart tissues exhibited increased CD36 mRNA levels and increased oxidative DNA and protein damage. Conclusions/interpretation: Our results provide evidence that up-regulation of CD36 may have a role in increasing oxidative stress in MVECs and the heart in chronic diabetes.
Introduction
In spite of the improvements in therapeutic modalities, diabetes and its complications account for significant morbidity and mortality [1, 2] . Long-standing diabetes leads to structural and functional alterations in both the micro-and macrovasculature [3, 4] . Diabetic cardiomyopathy has been recognised as a degenerative microvascular complication of chronic diabetes [5, 6] . Understanding the pathogenesis of diabetic cardiomyopathy is still obscure; however, oxidative stress has been suggested to be involved in the development and progression of diabetes-induced cardiomyopathy [7] .
Hyperglycaemia caused by chronic diabetes is an important mediator in augmenting reactive oxygen species [8] . Oxidative stress has been shown to occur in diabetic patients before the presentation of overt chronic complications, including cardiomyopathy [7] . The generation of oxidative stress in diabetes could be due to increased generation of free radicals and nitric oxide [9, 10] . Free radicals are produced in all organisms as a result of increased oxidative stress or altered redox balance. Unpaired electrons from these free radicals can modify and thus alter the function of proteins, DNA, fatty acids and lipids [11] . The LDLs are very sensitive to these free radical-mediated peroxidation reactions, yielding oxidised LDL (ox-LDL) molecules [12] .
Modified proteins such as ox-LDLs and AGE products including glycated LDLs accumulate over time in diabetic patients [13] [14] [15] . Alterations of these proteins may interfere with their recognition by native receptors such as LDL receptor. Nonetheless, these modified proteins can interact with greater affinity with a group of multifunctional transmembrane proteins named scavenger receptors (SRs) [16, 17] . Recent studies have demonstrated an important role of SRs in a number of human diseases [18] . A prominent member of the SR family is CD36 [19] . CD36 was first identified as a surface glycoprotein on platelets [19, 20] . Since then, it has been shown to be expressed on macrophages, adipocytes and other cell types including microvascular endothelial cells (MVECs) [21] . High-affinity binding of ox-LDLs and AGE-modified proteins to CD36 suggests that alterations of CD36 could potentially be involved in diabetic complications, including cardiomyopathy [22, 23] .
In the present study, we used cultured MVECs, the primary target of sustained hyperglycaemia, to elucidate whether up-regulation of CD36 underlies increased ox-LDL uptake and subsequent endothelial dysfunction. Furthermore, we investigated whether diabetes leads to an alteration of CD36 in the heart and whether such an alteration is associated with diabetes-induced oxidative stress.
Materials and methods
In vitro studies Human MVECs (Clonetics, Walkersville, MD, USA) were cultured with endothelial growth medium (Clonetics) as previously described [24] . To determine the optimal high glucose (HG) concentration, sub-confluent cells were incubated with 10, 15, 25 or 35 mmol/l D-glucose. Following a 24-h treatment period, total RNA was extracted and subjected to CD36 mRNA expression by realtime RT-PCR. Subsequent experiments were conducted with treatment of cells exposed to low glucose (LG) or empirically determined HG levels. These cells were subjected to CD36 mRNA and protein expression by real-time RT-PCR and western blotting, respectively.
In order to determine whether alteration of CD36 coincides with functional significance, cells exposed to LG and HG were treated with ox-LDL. Ox-LDL was prepared as described before [25] . Briefly, human LDL (Sigma-Aldrich Canada, Oakville, ON, Canada) was resuspended in PBS and incubated in the presence of 5 μmol/l CuSO 4 in order to oxidise the LDL molecules. Following an incubation period of 3 h, the ox-LDL samples were extensively dialysed overnight with repeated buffer changes to remove CuSO 4 . Uptake of ox-LDL was assessed by immunocytochemistry following exposure of endothelial cells (ECs) to 80 μg/ml ox-LDL. This concentration of ox-LDL has been well established in EC culture studies [26] . Cells exposed to ox-LDL were also subjected to mRNA analyses for the oxidative stress marker, haem oxygenase-1 (HO-1) [27, 28] and vasoactive peptide, endothelin-1 (ET-1). ET alteration has been well established in chronic diabetic complications and vascular endothelial dysfunction [29] .
CD36 gene silencing To establish the role of CD36 in mediating ox-LDL uptake, MVECs were transfected with small interfering RNA (siRNA) targeted to CD36 mRNA (Ambion, Austin, TX, USA). Cultured MVECs were transfected with 100 nmol/l CD36 siRNA using siPORT Lipid transfection media (Ambion). Following a 24-h incubation period, cells were cultured for another 24 h in either 5 or 25 mmol/l glucose, as well as treated with the CD36 ligand, ox-LDL. All siRNA experiments included transfection of ECs with siRNAs which have no sequence homology (negative control transfection) with human genome (Ambion). To measure CD36 siRNA transfection efficiency, CD36 mRNA levels were assayed for using real-time RT-PCR. Ox-LDL uptake was determined by immunohistochemical analysis using ox-LDL antibody (1:500).
In vivo studies Male Sprague-Dawley rats (Charles River Canada, St Constant, QC, Canada) weighing approximately 250 g were made diabetic by a single i.v. injection of streptozotocin (STZ; 65 mg/kg; Sigma-Aldrich) [24] . Ageand sex-matched controls were given an equal volume of citrate buffer. Diabetes was confirmed by measuring blood glucose levels (Surestep; Lifescan, Burnaby, BC, Canada) 48 h after the injection of STZ. Animals were also monitored for glucosuria and ketonuria (Uriscan Gluketo; Yeong Dong Co., Seoul, Korea) and given small daily doses (0.1-3.0 U) of ultralente insulin (Novo Nordisk, Princeton, NJ, USA) to prevent ketoacidosis [24] . Following 1 month of treatment, rats were killed and heart tissues were removed. Prior to killing, blood was collected from the rats to assay for HbA 1 c levels (Glycotest; Pierce, Rockford, IL, USA). Heart tissues were sectioned and either snap-frozen in liquid nitrogen for gene expression analyses or embedded in paraffin for immunohistochemical analysis. The University of Western Ontario Council on Animal Care Committee formally approved all experimental protocols.
Real-time RT-PCR Total RNA from cultured ECs and heart tissues were isolated as previously described [24] . Briefly, RNA was extracted using TRIzol (Invitrogen, Burlington, ON, Canada) with isopropanol precipitation. Following extraction, RNA samples were subjected to DNAse treatment to degrade any contaminating DNA in the samples. Purity was assessed by measuring OD 260:280 nm.
cDNA was synthesised using 3 μg total RNA with oligo-(dT) primers and Superscript-II MMLV-reverse transcriptase (Invitrogen). Real-time RT-PCR was performed in the LightCycler (Roche Diagnostics Canada, Laval, QC, Canada) as previously described [24] . The reaction mixture (20 μl total volume) consisted of 10 μl SYBR Green Taq ReadyMix (Sigma-Aldrich), 1.6 μl 25 mmol/l MgCl 2 , 1 μl of each forward and reverse 10 μmol/l primers, 4.4 μl H 2 O, and 2 μl cDNA template. The primer sequences and PCR temperature profiles for β-actin (human/rat) and HO-1 (rat) were assayed as previously described [24, 30, 31] . The primer sequences for CD36 are 5′TAATGGCACA GATGCAGCCT3′ and 5′ACAGCATAGATGGACCTGC AA3′ (human) and 5′GAGAACTGTTATGGGGCTAT3′ and 5′TTCAACTGGAGAGGCAAAGG3′ (rat). The PCR temperature profiles for CD36 are similar to the β-actin PCR profiles [30] . The PCR reaction mixture for ET-1 consisted of 2.5 μl 10×PCR Buffer (Invitrogen), 1.25 μl 5 mmol/l dNTP, 1.2 μl 50 mmol/l MgCl 2 , 1 μl primers, 9.8 μl H 2 O, 2 μl cDNA, and 0.75 μl 15 mmol/l Taqman probe Primer sequences and PCR temperature profiles for ET-1 were assayed as previously described [24] . The data were Each trace represents a human MVEC cDNA sample; all PCR reactions were coupled to MCA to determine specificity of amplification. CD36 is expressed as ratio of target to β-actin (relative to 10 mmol/l glucose); n=4/treatment; *p<0.05 compared with 10 mmol/l glucose normalised using the housekeeping gene, β-actin, to account for differences in reverse transcription efficiencies and in the amount of template in the reaction mixtures.
Western blotting Total proteins from ECs were isolated and quantified according to well-established methodologies [24] . Briefly, cells were homogenised in complete lysis buffer (NaCl 0.877 g, deoxycholate 1 g, 1 mmol/l TrisHCl [pH 7.5] 5 ml, Triton X-100 1 ml, and 10% sodium dodecyl sulphate 1 ml; volume adjusted to 100 ml using ddH 2 O) and protease inhibitor. Total proteins were quantified by a BCA protein assay kit (Pierce). Western blotting was performed by polyclonal anti-human CD36 antibody (1:1000; Cayman Chemicals, Ann Arbor, MI, USA) followed by secondary antibody conjugated with horseradish peroxide. An ECL-Plus Western Blotting Detection kit (Amersham Pharmacia Biotechology, Piscataway, NJ, USA) was used for detection.
Immunochemical analyses Paraffin-embedded heart tissues were stained for 8-hydroxy-2′-deoxyguanosine (8-OHdG) and nitrotyrosine as described previously [30] . Briefly, 5 μm sections were transferred to positively charged slides. Monoclonal anti-mouse 8-OHdG (1:150; Chemicon Lab., Temecula, CA, USA ) and monoclonal anti-mouse nitrotyrosine (1:75; Cayman Chemicals) were used for staining. Secondary antibodies conjugated with horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA, USA) were used to produce signals from the chemiluminescent substrate, diaminobenzidine (Amersham Pharmacia Biotechnology). Negative controls included incubation with PBS without primary antibody. Specificity of the antibodies was confirmed by blocking tissue sections with 10% horse serum. The experiments were performed in triplicate and slides were read by two investigators unaware of the particular treatment. 8-OHdG immunoreactivity was expressed as the number of positive cardiomyocytes in ten random fields containing approximately 100 cells. Nitrotyrosine was evaluated by relative cytoplasmic staining intensity. The data are expressed as percentage of total cell.
For immunocytochemistry, cultured vascular ECs were briefly trypsinised and seeded in 12-well plates containing coverslips. Cells were cultured in growth media for 24 h to allow attachment. Following cell attachment, all treatments were carried out in serum-free media as described above. Anhydrous ethanol was used to fix the cells. Ox-LDL (1: 500; Biodesign International, Saco, ME, USA) and 8-OHdG (1:400; Chemicon) immunochemical analyses were carried out essentially the same as described for heart tissues.
Statistical analysis The data are expressed as means±SEM and were analysed by ANOVA followed by Student's t-test. Differences were considered statistically significant at values of p<0.05.
Results
Glucose induces up-regulation of CD36 in MVECs We used vascular ECs to elucidate whether glucose-induced alteration of CD36 may mediate increased oxidative stress. Cultured MVECs were exposed to varying glucose concentrations and assayed for CD36 mRNA alteration. Our data show up-regulation of CD36 mRNA by glucose in a dose-dependent manner (Fig. 1) . The greatest change in transcript levels was observed with 25 mmol/l glucose; thus, subsequent experiments were carried out by treating cells with either 5 or 25 mmol/l glucose. In order to determine whether mRNA levels coincide with protein expression, we used the western blotting technique. Here we show that, in parallel to mRNA, CD36 protein expression is augmented by exposure of ECs to 25 mmol/l glucose ( Fig. 2a, b; p<0.05).
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β-actin Glucose-induced CD36 up-regulation is associated with increased uptake of ox-LDL and increased oxidative damage We evaluated whether HG-induced up-regulation of CD36 could lead to increased uptake of ox-LDL. Using immunocytochemical analyses, we demonstrated that HG causes significant increase in ox-LDL uptake by ECs as compared with cells cultured in LG (Fig. 3) . To characterise the functional significance of increased uptake of ox-LDL, we subjected the cells to real-time RT-PCR analysis with regard to the molecular marker of oxidative stress, HO-1 [27, 28] . Our mRNA data demonstrate that high levels of glucose and ox-LDL increase HO-1 transcript levels ( Fig. 4a; p<0 .05). Treatment of cells exposed to HG with ox-LDL further up-regulated the oxidative stress-response protein, HO-1 ( Fig. 4a; p<0.05) . Immunocytochemical analysis of oxidative DNA damage also revealed increased 8-OHdG positivity in cells exposed to ox-LDL with 25 mmol/l glucose but not 5 mmol/l (data not shown). In parallel to oxidative damage, ox-LDL caused aberrant expression of ET-1, suggesting endothelial dysfunction ( Fig. 4b ; p<0.05).
CD36 gene silencing prevents glucose-induced ox-LDL uptake and reduces HO-1 and ET-1 expression To further confirm that HG-induced CD36 up-regulation mediates increased ox-LDL uptake, we assayed for CD36 activity following specific CD36 gene silencing. Sensitive and specific real-time RT-PCR analysis of CD36 mRNA in ECs transfected with CD36 siRNA showed greater than 80% reduction in CD36 transcript levels ( Fig. 5a ; p<0.05). CD36 siRNA also prevented HG-induced CD36 upregulation. Following successful transfections, cells were treated with ox-LDL and assayed for uptake by immunohistochemistry and molecular markers of oxidative stress by RT-PCR. Our results show complete normalisation of glucose-induced ox-LDL uptake in CD36 siRNA-transfected cells as compared with negative control transfected cells (Fig. 5b, c) . These results indicate that glucose-induced CD36 alteration arbitrates increased ox-LDL uptake in ECs. We next determined whether CD36 inhibition by siRNA prevents glucose/ox-LDL-induced up-regulation of HO-1 and ET-1. Our data indicate that CD36 siRNA transfection, which reduced CD36 expression by 80%, reduced glucose-induced HO-1 and ET-1 up-regulation ( Fig. 5d; p<0.05). CD36 siRNA transfection also reduced HO-1 and ET-1 mRNA levels in cells exposed to LG (data not shown). CD36 mRNA levels are shown as % total; ox-LDL immunoreactivity was assayed in cells exposed to HG and 80 μg/ml; ox-LDL positivity is shown as brown cytoplasmic stain (arrow); original magnification ×400; HO-1 and ET-1 mRNA levels are relative to HG+ negative control transfections; *p<0.05 compared with negative transfections; n=4/treatment Diabetes induces up-regulation of CD36 and oxidative stress in the heart In order to determine whether diabetes leads to increased oxidative stress via alteration of CD36 receptors, we used a well-established model of chronic diabetes. This STZ-induced diabetic model shows development of myocardial abnormalities similar to humans with diabetes [32] . STZ-induced diabetic animals exhibited hyperglycaemia as compared with non-diabetic controls (Table 1) . Diabetic animals also demonstrated reduced body weight gain and elevated HbA 1 c levels. Systolic BP, recorded by tail plethysmography, did not differ among the animal groups. These parameters are indicative of diabetic dysmetabolism.
Using the real-time RT-PCR assay (Fig. 6a, b) , we measured CD36 transcript levels in heart tissues of these diabetic and non-diabetic control animals. Our results in- Fig. 6 Real-time RT-PCR amplification of rat CD36, showing a PCR amplification curves, b melting curve analysis (MCA) of post-PCR products, and c quantification of CD36 mRNA in heart tissues. Each trace represents a heart cDNA sample; all PCR reactions were coupled to MCA to determine specificity of amplification; CD36 mRNA is expressed as ratio of target to β-actin (relative to control); *p<0.05 compared with controls; n=6/group dicate that diabetes leads to up-regulation of CD36 mRNA in the heart ( Fig. 6c; p<0.05) . These results provide evidence of transcriptional regulation of CD36 in diabetes.
We used 8-OHdG and nitrotyrosine as markers of oxidative damage in the heart tissues. These two markers detect DNA and protein residues modified by oxidation and have been extensively used to provide an index of oxidative damage [30, 33, 34] . Our data confirm previous findings and show increased oxidative DNA and protein damage in the heart tissues of diabetic animals ( Fig. 7; p<0.05).
Discussion
We have shown that cultured MVECs demonstrate a glucose-induced up-regulation of CD36. Such alteration leads to increased uptake of ox-LDL molecules, increased molecular markers of oxidative stress and oxidative DNA damage, and causes vascular endothelial dysfunction, as evident by increased HO-1 and ET-1 expression. To the best of our knowledge, this is the first indication of transcriptional regulation of CD36 by glucose in MVECs. Furthermore, we have demonstrated that diabetes also leads to up-regulation of CD36 at the transcriptional level in the heart. This up-regulation was found to coincide with increased oxidative stress as assessed by oxidative DNA and protein damage in the heart tissues.
Modified proteins such as ox-LDLs and AGEs may interfere with normal functioning of the diabetic vasculature by interacting with specific receptors on vascular cells, including ECs. Glycated LDLs have been shown to be increased in diabetic individuals [15] . Glycation of LDLs also confers increased susceptibility to oxidative modification [12] . It has been demonstrated that glycation of LDL molecules results in impaired uptake by the LDL receptors [16, 17] . In contrast to native high-affinity receptors, recognition of modified proteins is enhanced by a highcapacity but low-affinity receptor family, the SR family [16, 17] . Recently, interest in CD36 has been renewed with the demonstration that this surface protein is involved in the recognition and internalisation of oxidatively modified proteins [18, 19] . Our studies further provide evidence that CD36 up-regulation may be involved in increased oxidative stress in the heart and MVECs. The direct role of CD36 in such alteration was characterised following specific CD36 gene silencing. Our data show that inhibition of CD36 production prevents ox-LDL uptake; however, whether similar mechanisms may mediate increased ox-LDL uptake in vivo remain to be determined. It should be noted that CD36-mediated alteration of fatty acid uptake and metabolism may also contribute to the pathogenesis of diabetic cardiomyopathy [35] . Whether such mechanisms also contribute to oxidative stress remains to be determined. CD36 alteration has previously been shown in vascular preparations and monocytes isolated from diabetic patients [13] . It should be noted that CD36 alteration in monocytes isolated from diabetic patients was only shown to be at the translational level [13] . It has also been shown that monocytes from diabetic patients show a significantly higher level of CD36 expression, which was not changed during further exposure to hyperglycaemic conditions [36] . In this study, we provide the first indication that CD36 is upregulated at the transcriptional level in MVECs exposed to high levels of glucose. Taken together, these findings suggest that in addition to increased uptake of modified protein by monocytes, vascular ECs may suffer oxidative DNA damage via glucose-induced up-regulation of CD36 [37] . We have demonstrated that glucose increases the uptake of ox-LDL in ECs leading to increased oxidative stress and elaboration of vasoactive peptide, ET-1. In parallel to our studies, ox-LDL has been shown to cause oxidative stress in human fibroblasts [37] . In addition, murine models of type 2 diabetes and mice fed a high-fat diet show up-regulation of CD36 expression in cardiac capillary ECs. It should be noted, however, that CD36 expression in these models of type 2 diabetes could be attributed to hyperglycaemia and/or dyslipidaemia. Our studies provide evidence that hyperglycaemia may be the mechanism underlying CD36 alteration in diabetes. In support of such a notion are findings of a recent study which demonstrates increased CD36 mRNA expression in heart tissues of STZ-diabetic animals [35] .
In conclusion, CD36 up-regulation may alter properties of vascular ECs. Diabetes-induced up-regulation of CD36 may be involved in increased oxidative stress and diabetic cardiomyopathy. These studies provide insight into the pathogenesis of chronic diabetic complications. Furthermore, these results may provide avenues which could be explored for the development of therapeutic modalities.
